For NiFe/FeMn bilayers, the correlation among the exchange field, the coercivity, the training effect, the hysteretic effect of the angular dependence of the exchange bias, and the rotational hysteresis loss has been studied as a function of the antiferromagnet layer thickness t AFM . With increasing t AFM , all these quantities undergo nonmonotonic variations, except for the monotonic change in the exchange field. The maximal values of the coercivity, its relative change, and the rotational hysteresis loss are almost located at the same t AFM of 3.8 nm. The maximal values of the relative change in the exchange field and of the hysteretic effect of the angular dependence are located at 2.5 and 3.0 nm, respectively. The rotational hysteresis loss and the hysteretic behavior of the angular dependence of the exchange bias have different characteristics. The variations of all physical quantities with t AFM can be ascribed to the irreversible reversal of the antiferromagnet spins, which are governed by the Arrhenius-Néel law, except for that of the rotational hysteresis loss.
I. INTRODUCTION
A ferromagnet͑FM͒/antiferromagnet͑AFM͒ bilayer will exhibit a shifted hysteresis loop if it experiences a magnetic field-cooling procedure or it is deposited in a magnetic field. This phenomenon is called exchange bias ͑EB͒; that is to say, the bilayer has a unidirectional anisotropy. At the same time, the coercivity H C is generally enhanced in comparison with that of the corresponding free FM layer with few exceptions. [1] [2] [3] [4] [5] [6] [7] [8] The effect of AFM spins on the EB has been studied extensively in many EB-related phenomena as shown below. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Since very few direct techniques can be employed to probe the AFM spin motion due to the zero net magnetization in the AFM layer, however, it is difficult to reveal the effect of AFM spins and thus the mechanism of the EB still remains open.
First of all, as a signature of the EB, the rotational hysteresis loss occurs between torque curves of clockwise ͑CW͒ and counterclockwise ͑CCW͒ rotations even if the external magnetic field H a is much larger than the saturation field of the FM layer. 11, 12 That means that the rotation process of the FM magnetization is asymmetric for CW and CCW rotations due to the irreversible rotation of the AFM spins and that the exchange field acting on the AFM layer is less than the saturation field of the AFM layer. Second, the magnetization reversal mechanism is found to be different at the descent and the ascent branches of hysteresis loops, as revealed by measurements of magnetometry, anisotropic magnetoresistance, and neutron scattering. 13, 14, 20, 21 Furthermore, the training effect, as an important phenomenon of the EB, is often observed, which suggests that the AFM spins approach equilibrium states after subsequent cycles of hysteresis loops. 15, 16 Finally, the hysteretic behavior of the angular dependence of the EB ͑ADEB͒ has very recently been reported although the ADEB has been studied for more than 10 years. [17] [18] [19] Above physical properties strongly depend on the constituent layer thickness. The effect of the FM layer thickness t FM on both the EB and related phenomena has been understood very well. 3 For example, due to the well known interfacial nature, the exchange field H E is inversely proportional to t FM and H C decreases with an increase in t FM . In contrast, the effect of the AFM layer thickness t AFM is more complicated although it can provide rich information to understand the effect of the AFM spins. 3 In general, at small t AFM , these phenomena disappear. When t AFM is larger than the critical value for the onset of the EB, these phenomena begin to appear and then may undergo nonmonotonic variations or approach saturation with further increase in t AFM . However, the detailed evolutions of these physical quantities near the onset have often been neglected while it is of crucial importance to get deep insight into the effect of AFM spins. At the same time, the variation trends of these physical phenomena with t AFM have been studied in various FM/AFM systems by different groups. In order to explain specific experiments, theoretical models are proposed. For example, in order to explain the asymmetrical hysteresis loops, the AFM spin motion is proposed in some experiments but rigid AFM spins are assumed in other ones. 5, 13 Therefore, it is expected that systemic experimental studies on all above physical properties in a single series of FM/AFM bilayers might be helpful to propose a unified theoretical model. In this work, a series of NiFe/FeMn bilayers was prepared with various t AFM , H E , and H C , the EB training effect, the rotational hysteresis loss, and the hysteretic behavior of the ADEB were measured. Attention is paid to the correlation between variations of these physical quantities with t AFM , in particular, the training effect and the hysteretic behavior of the ADEB. The difference between the hysteretic behavior of the ADEB and the rotational hysteresis loss is analyzed. In order to explain variations of these physical quantities, micromagnetic calculations are made based on the thermal activation model. This paper is organized as follows. In the following part, the model of thermally activated transition of AFM spins is described. In Sec. III, fabrications and measurements of samples are described. In Sec. IV, H E and H C , and the training effect are given as a function of t AFM . In Sec. V, the hysteretic behavior of the ADEB is discussed. In Sec. VI, the rotational hysteresis loss R W is discussed as a function of t AFM . Finally, a summary is given.
II. THERMAL ACTIVATION MODEL
A computational model was developed to calculate the EB, the training effect, and the hysteretic behavior of the ADEB. 22 The FM and AFM layers are modeled as a granular microstructure produced using a Voronoi construction ͑see, for example, Ref. 23͒. Each layer has the same microstructure, which describes realistic systems where the columnar growth is continuous across interfaces. The AFM grains are considered to be exchange decoupled while the neighboring FM-FM and FM-AFM grains are strongly exchange coupled. The AFM layer is treated using a kinetic Monte Carlo algorithm. 24 The coherent reversal of AFM spins is governed by thermally activated processes; that is to say, the grains are allowed to reverse with a probability p sw given by the Arrhenius-Néel law. 25 In view of the hysteretic behavior of the ADEB, the planar domain wall in the AFM layer is neglected due to a much smaller t AFM than the domain wall thickness.
26 p sw is determined by the intrinsic energy barrier, i.e., determined by the local anisotropy energy E anis , and the exchange field from the FM layer.
2 AFM , where AFM is the angle between AFM spins and the easy axis. The anisotropy constant K AFM is single valued and the lateral area of AFM grains a 0 has a lognormal distribution with a typical standard deviation . The easy axes of the AFM grains are assumed to be planar randomly orientated. The interlayer exchange energy is 27 E exch =−a 0 c 0 J int Ŝ FM Ŝ AFM , where J int is the interface exchange coupling constant, and Ŝ FM and Ŝ AFM are the unit vectors of the FM and AFM moments at the interface, respectively. The contact fraction c 0 represents the magnetization imbalance between the two sublattices contacting the FM layer. Determination of stationary states from the total free energy E exch + E anis allows calculations of the energy barrier, from which p sw is determined. The FM layer is treated in a standard micromagnetic approach with the cell size being the grain size. The FM grains are coupled with the bulk exchange energy. The magnetic equilibrium state is determined by minimizing the Gibbs free energy, which includes the Zeeman energy, the exchange interaction, the uniaxial anisotropy, the magnetostatic terms, and the interlayer exchange coupling energy. Minimization of the energy is achieved using a conjugate gradient method with a precision of 10 −5 . With the strong exchange coupling between FM grains, the nonuniform magnetization reversal process might exist.
III. FABRICATION AND MEASUREMENTS OF SAMPLES
A bilayer of Ni 80 Fe 20 ͑=NiFe͒͑3 nm͒ / Fe 50 Mn 50 ͑=FeMn͒ was deposited on a 1 ϫ 5 cm 2 glass substrate at ambient temperature by dc magnetron sputtering from NiFe and FeMn composite targets. In order to avoid the run-to-run error, the FeMn layer takes a wedge shape across the distance of 5 cm, in which each sampling location along the wedge direction corresponds to a specific t AFM as an approximate linear function. A 1 ϫ 5 cm 2 NiFe/FeMn ͑4.2 nm͒ bilayer with the wedge-shaped NiFe layer and a 3 nm thick uniform single layer NiFe film were also prepared. The base pressure was 2 ϫ 10 −5 Pa and the Ar pressure was 0.33 Pa during deposition. Before deposition of the bilayer, a 30 nm thick Cu buffer was prepared to improve fcc ͑111͒ preferred orientation in FeMn layers and thus to stimulate the EB. 28 Finally, another 30 nm thick Cu layer was used to avoid oxidation. Deposition rates of NiFe, FeMn, and Cu layers were 0.3, 0.1, and 0.2 nm/s, respectively. During deposition, a magnetic field of about 130 Oe was applied parallel to the film plane to induce the EB in bilayers and uniaxial anisotropy in single layer FM films.
X-ray diffraction ͑XRD͒ shows an intense peak at 2 = 43.3°and a weak one at 50.6°, corresponding to ͑111͒ and ͑200͒ preferred orientations of Cu, FeMn, and NiFe layers, respectively, as shown in Fig. 1 
These two parameters are of crucial importance to reveal the magnetization reversal mechanism. For measurements of the angular dependence of hysteresis loops, H a was set to zero during rotating samples. Torque curves were also measured by the VVSM. 29 Before measurements of the rotational hysteresis loss, a large H a was applied to saturate the sample along the starting orientation and then it was set to designed values. During measurements of torque curves, m x and m y were measured as a function of the orientation of H a with a fixed magnitude for the CW and CCW rotations. With data of m y , the torque and the rotational hysteresis loss can be obtained. All measurements were performed at room temperature.
IV. EB AND TRAINING EFFECT
In literature, few reports have shown the detailed evolution of the EB from the onset to the maximum or saturation. In this work, the detailed dependence of all H E , H C , and the training effect on t AFM near the onset is emphasized using many samples. Figure 2 shows the dependence of H E and H C on t AFM , which were taken from the hysteresis loop of the first cycle along the easy axis of each sample. As t AFM is larger than the critical value of 2.3 nm for the onset of the EB, H E increases slowly and approaches the constant of about 200 Oe. At the same time, H C starts to increase at t AFM Ͼ 2.3 nm and then reaches a maximum of 85 Oe at 3.8 nm, and finally decreases as t AFM further increases. Although the present results about variations in H E and H C are similar to reported ones, 3 more samples were used to show the detailed dependence of the EB on t AFM in the region of small t AFM . Figure 3͑a͒ shows the typical training effect of the EB in the NiFe͑3 nm͒/FeMn͑3.2 nm͒ bilayer. One can find that H E and H C decrease with increasing cycle number n as an empirical linear function of 1 / ͱ n, similar to the previous results. 3 In general, for samples just after the deposition or the field-cooling procedure, 14, 15 there is a big change in the coercive field of the descent branch between the first and the second cycles, resulting in serious reductions in H E and H C . The particular mechanism of the first magnetization reversal performed just after the field-cooling procedure or at the asprepared state is induced by the AFM spin flopping due to the AFM biaxial magnetic anisotropy. It is noted that the spin flopping only exists in the first magnetization reversal. 14 Since it can happen at all temperatures, it manifests itself as an athermal effect. The reductions in H E and H C for n Ͼ 1 are governed by the thermally activated transitions triggered by the exchange field from the FM magnetization. 30 In the present work, for each sample, the n = 1 hysteresis loop along the easy axis was measured and a recovery procedure performed subsequently to remove the athermal effect. 14 In order to make more direct comparison, the relative changes are defined H E/C , i.e., ⌬H E/C / H E/C ͑n =1͒ to express the EB training effect, where = ϱ͒. Actually, when n Ͼ 20, the changes in H E and H C are negligible. Therefore, ⌬H E/C Ӎ H E/C ͑n =1͒ − H E/C ͑n =20͒. The relative changes in H E/C correspond to those AFM grains in rotatable/nonrotatable AFM grains, which undergo thermally activated transitions at finite temperatures from nonequilibrium to equilibrium states. Figure 3͑b͒ shows ⌬H E/C / H E/C ͑n =1͒ as a function of t AFM . With increasing t AFM , ⌬H E / H E ͑n =1͒ and ⌬H C / H C ͑n =1͒ increase sharply. Remarkably, as t AFM is slightly larger than the critical value for the onset of the EB, ⌬H E / H E ͑n =1͒ has a maxima, whereas H E has the largest slope. It is also interesting to find that ⌬H C and ⌬H C / H C ͑n =1͒ have similar variation trends. The results in Figs. 2 and 3 can be explained qualitatively in terms of thermally activated transitions of AFM spins. At small t AFM , most of AFM grains are "superparamagnetic," H E = 0, and no H C enhancement occurs. As t AFM is close to the critical value for the onset of EB, most of AFM grains are thermally stable, in which all grains are rotatable during the FM magnetization motion. The rotatable AFM grains enhance the "uniaxial anisotropy," which results in an enhancement of H C . Without nonrotatable AFM grains, H E = 0 and the training effect is negligible. As the AFM layer is slightly thicker than the critical value for the onset of EB, there are a small fraction of nonrotatable AFM grains and H E is nonzero. With more rotatable ones, H C increases. A part of rotatable/nonrotatable grains are suggested to have transitions from nonequilibrium to equilibrium states triggered by the rotating exchange field from the FM magnetization. 16 With high probability of thermally activated transitions, the shrinkage of H E and H C is serious and ⌬H E / H E ͑n =1͒ and ⌬H C / H C ͑n =1͒ are large. As the AFM grain volume is further increased with increasing t AFM , more rotatable AFM grains become nonrotatable, and H E increases but H C decreases. At the same time, the anisotropy energy barrier increases and thus the thermal transition probability is suppressed. Then, ⌬H E / H E ͑n =1͒ and ⌬H C / H C ͑n =1͒ become small. Therefore, different behaviors of H E and its relative change and similar variation trends of H C and its relative change can be easily understood in the frame of the theoretical model. Above explanations also agree with the reported results that the training effect becomes weak as the AFM grain size is increased.
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V. HYSTERETIC BEHAVIOR OF ADEB
In this part, the basic experimental features of the hysteretic behavior of the ADEB are first discussed in the NiFe/ FeMn bilayers, which has been reported before. 17 Afterwards, the dependence of the hysteretic behavior on the constituent layer thickness is studied. Then, possible reasons for the difference of the hysteretic behavior between H E and H C are discussed. Finally, the correlation between the hysteretic behavior of ADEB and the training effect is analyzed.
Hysteresis loops were measured in the CW rotation of H a with H from Ϫ180°to 180°and in the CCW rotation with H from 180°to Ϫ180°. Here, H is the orientation of H a and set to zero when H E in the CW rotation has a negative maximum value. In experiments, it is found that at a specific H near either H =0 or H = 180°, the hysteresis loops are different for the CW and CCW rotations. Figure 4 shows typical hysteresis loops at H = 10°during the CW and CCW rotations. One can find that for the CW and CCW rotations, H E = −52 Oe and Ϫ51 Oe, and H C = 52 Oe and 30 Oe, respectively. H C is different for the CW and CCW rotations while H E is close to each other. More importantly, the magnetization reversal mechanism is also different. In the CW rotation, m y−R at the ascent branch is almost equal to zero, indicating the domain wall motion. In contrast, m y−L at the descent branch is nonzero but much smaller than the saturation magnetic moment. Therefore, the magnetization rotation occurs, in addition to the domain wall motion. For the CCW rotation, however, m y−R and m y−L , having the same magnitude, are nonzero although they are much smaller than the saturation magnetic moment demonstrating a combined magnetization reversal mechanism during the magnetization reversal process of either branch. Hence, near H = 0 and 180°, the magnetization reversal mechanism depends on the sense of rotation. Figure 5 The results in Fig. 5 are proved to arise from the hysteretic behavior. First of all, as shown in Ref. 17 , the ADEB for the second CW rotation measured directly after 1 cycle of CW and CCW rotations is found to be almost the same as that of the first CW rotation and the accumulation effect during the continuous measurements of hysteresis loops can be excluded in the explanations of the shift of the ADEB between the CW and CCW rotations. Second, the ADEB of the CW and CCW rotations was measured within different H regimes. As shown in Fig. 6 , when H changes within a small range, such as −30°→ 0 → −30°, the angular dependence of m y−AVE is almost identical for the CW and CCW measurements. For large regimes of H , like −30°→ 20°→ −30°, the angular dependence of the m y−AVE is different in the CW and CCW rotations and ⌬ H is not equal to zero. For larger enough H regions, such as −30°→ 40°→ −30°, ⌬ H will approach a constant. The curve of m y−AVE versus H is of basic feature of the hysteretic behavior. Unambiguously, the hysteretic behavior of the ADEB is demonstrated. 
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Calculations show that AFM spins switch irreversibly during the hysteresis loop of the FM layer. With respect to the direction H = 0°, the average orientation of the AFM spins ͗ AFM ͘ experiences an irreversible change, i.e., ͗ AFM ͘ has different values at states S1 and S3, similar to previously reported results. 33 Accordingly, the angular dependence of ͗ AFM ͘ at the starting saturation state S1 should exhibit the hysteretic behavior between the CW and CCW rotations. This can be seen from the results at 300 K in Fig. 8 . Once the temperature of the AFM layer is set to 0 K, thereby the thermally activated transitions will be removed and ͗ AFM ͘ at the starting saturation state S1 is reversible for the CW and CCW rotations. The rotational hysteretic behavior of the ADEB at 0 K will disappear. In other words, the hysteretic behavior of the ADEB arises from the irreversible motion of AFM spins induced by thermally activated transitions.
It is instructive to study the dependence of the hysteretic behavior on the constituent layer thickness. Figure 9 shows the angular dependence of H C for NiFe/FeMn bilayers with different t FM . The angular shift ⌬ H is almost the same for different t FM although H C changes with t FM due to the interfacial nature of the EB. As expected, ⌬ H is independent of t FM . This is because ⌬ reflects the change in the average orientation of the AFM spins, which is only determined by the interfacial exchange field on the AFM spins and the energy barrier height of the AFM spins. It can also be known that the distribution of the AFM grain size does not change significantly with t FM . Otherwise, ⌬ H will also change with t FM . Figure 10͑a͒ shows the measured ⌬ H as a function of t AFM . At small t FM , ⌬ H equals zero. It increases sharply to reach the maximum as t AFM is increased. Finally, ⌬ H decreases with further increasing t AFM . If the AFM grain size is infinite such as in epitaxially grown FM/AFM bilayers or the anisotropy energy barrier is high enough to overcome the thermally driven transitions, the hysteretic behavior is expected to disappear; that is to say, the ADEB is identical for the CW and CCW rotations. Only in this case, the simulations of the parameters such as the exchange coupling energy and the uniaxial anisotropy are rigorous from the measured ADEB. 19, 34 The t AFM dependence of the hysteretic behavior on the ADEB can be addressed qualitatively. At a small t AFM , all AFM grains are so-called superparamagnetic, i.e., transitions are freely allowed between two stable states. Thus, ⌬ H is negligible. With increasing t AFM , the volume of AFM grains and thus the product of the magnetic anisotropy constant and the volume increases. Accordingly, AFM spins in more grains become thermally stable and are irreversibly reversed during measurements of hysteresis loops and a large ⌬ H is achieved. For a large enough t AFM , the intrinsic energy barrier is further increased and the transition probability is suppressed thereby decreasing ⌬ H . The hysteretic behavior of the ADEB can also be removed by measurements near 0 K. It can be accomplished using surface magneto-optical Kerr effect system, in which low temperatures can be set and samples can be rotated with respect to H a . It is significant to compare the variation in the hysteretic behavior with that in the training effect. Figure 10 shows ⌬H C / H C ͑n =1͒ and ⌬ H as a function of t AFM . First of all, the position of 3.0 nm for the maximal ⌬ H is located between that of 3.8 nm for the ⌬H C / H C ͑n =1͒ and that of 2.5 nm for the maximal ⌬H E / H E ͑n =1͒ in Fig. 3͑b͒ . ⌬ H and ⌬H C / H C ͑n =1͒ have variation trends close to each other. This is because for a specific series of FM/AFM bilayers, the hysteretic phenomenon and the training effect are two resultant aspects of irreversibly thermally activated transitions of AFM spins, depending on the distribution of the AFM grain size, t AFM , and the anisotropy constant of AFM grains. Second, the relative changes in H E and H C , 35 and ⌬ H are all independent of t FM . Finally, above analysis can be further confirmed by measuring the temperature dependence of the training effect and the hysteretic behavior of the ADEB. The training effect has been found to decrease at low temperatures and to disappear near the zero temperature. 36 Meanwhile, as shown above, the hysteretic behavior should also decrease at lower temperatures and disappear at 0 K. They are expected to have similar temperature dependence. The hysteretic behavior of the angular dependence of H E can be ascribed to two major reasons. First of all, the ratio of H E / H C is very important. This is because the angular dependence of H E is strongly related to the ratio of the unidirectional and the uniaxial anisotropies as well as that of H E / H C . 37 If H E is larger than H C , H E changes smoothly with H near the easy axis and the hysteretic behavior of H E is hard to be observed. If H E is smaller than H C , H E has a peak near the orientation of the easy axis or changes sharply with H and the hysteretic behavior of H E is easy to be observed. As shown in Fig. 5 and in Ref. 17, the hysteresis behavior of H E is weak at large t AFM , where H E is larger than H C . As shown in Figs. 11͑a͒-11͑c͒ and in Ref. 17 , however, the hysteretic behavior of H E can be observed clearly when t AFM is just slightly larger than the critical value for the onset of the EB, where H E is smaller than H C . Second, in principle, the hysteretic behavior of H E should be less prominent than that of H C . Since the average size of nonrotatable AFM grains is larger than that of rotatable ones, the transition probability of the nonrotatable grains is smaller than that of rotatable ones, leading to a weaker hysteretic effect of H E than that of H C . Here, it should be pointed out that the rigorous criteria for the hysteretic behavior of H E are unclear. Further studies about difference between the hysteretic behaviors of H E and H C will be helpful to reveal the effect of AFM spins on the EB.
In experiments, no hysteretic behavior of the ADEB is found for single layer FM films. Figure 11͑d͒ shows the typical angular dependence of H C for the single layer NiFe film with uniaxial anisotropy. Although the shape of the hysteresis loops and the magnetization reversal mechanism change with H , the angular dependence of H C almost overlaps with each other for the CW and CCW rotations. As a result, the hysteretic behavior of the ADEB does not exist in the single layer NiFe film and only exists in FM/AFM bilayers and thus can be used as a signature of the EB. Figure 12 shows the typical torque curves of CW and CCW rotations for the NiFe/FeMn bilayers with thin AFM layers. Apparently, as H a is small enough, the magnetization is always aligned along the easy axis for both CW and CCW rotations and there is no irreversible rotations of the FM magnetization and the rotational hysteresis loss is equal to zero. In this case, the torque curve can be fitted by sin H , corresponding to a contribution from the unidirectional anisotropy. At an intermediate H a , torque curves of CW and CCW rotations are different; that is to say, the FM magnetization is irreversibly rotated. In addition to sin H , sin͑2 H ͒ must be considered, which corresponds to the uniaxial anisotropy. It is this term that induces the nonzero rotational hysteresis loss W R . At higher H a , the FM magnetization always follows the rotating H a and irreversible reversal disappears, It is significant to address the difference between the hysteretic behavior of the ADEB and the rotational hysteresis loss. First of all, the hysteretic behavior of the ADEB can better reflect the feature of the EB. Since the rotational hysteresis loss also exists in single layer FM films, 39 it is not unique for FM/AFM bilayers. As an evidence, however, the hysteretic behavior of the ADEB can exist only in the FM/ AFM bilayer because such phenomenon does not exist in single layer FM films. Second, they have different dependence on the constituent layer thickness. As shown in Figs. 10͑a͒ and 14, for t AFM Ͼ 3.0 nm ⌬ and W R ͑max͒ changes sharply and slowly with t AFM , respectively. More remarkably, as shown in Fig. 9 , ⌬ is independent of t FM . For the FM/ AFM bilayers, the magnitude of W R should increase with increasing H K which decreases with increasing t FM due to its interfacial nature. Therefore, W R should decrease with an increase in t FM . Furthermore, they are expected to have different temperature dependences. The rotational hysteresis loss is expected to increase at low temperatures and to reach saturation at 0 K because the anisotropy constant of the AFM grains usually increases at low temperatures, resulting in an enhanced effect of the irreversible rotation of AFM spin. In contrast, the hysteretic behavior of the ADEB is suppressed at low temperatures because the thermal energy at low temperatures is much smaller than the energy barrier. Finally, they reveal the AFM spin motion in different ways. 12, 40 For the rotational hysteresis loss, the irreversible rotation of AFM spins is dragged by the rotating exchange field from the FM layer while during the hysteretic behavior of the ADEB, the irreversible transition of AFM spins is driven by thermal activation during measurements of hysteresis loops.
VI. ROTATIONAL HYSTERESIS LOSS
VII. SUMMARY
H E , H C , the EB training effect, the rotational hysteresis loss, and the hysteretic behavior of the ADEB have been studied in a single series of NiFe/FeMn bilayers as a function of t AFM . Correlation and difference among above physical quantities have been discussed.
First of all, for the NiFe/FeMn bilayers, H C , ⌬H C / H C ͑n =1͒, and ⌬H E / H E ͑n =1͒ all change nonmonotonically with t AFM in similar variation trends. In contrast, H E increases monotonically with t AFM .
Second, as a signature of the EB, the dependence of the hysteretic behavior on the ADEB on the constituent layer thickness has been studied for the NiFe/FeMn bilayer. ⌬ H undergoes nonmonotonic variation with t AFM whereas it is independent of t FM . Comparison between the hysteretic behavior and the training effect is made. ⌬ H and the relative changes of H E and H C are of similar variation trends with t AFM because they all arise from thermally activated transitions of the AFM grains over local anisotropy energy barriers during measurements of hysteresis loops.
Furthermore, the rotational hysteresis loss undergoes nonmonotonic variation with t AFM and H a . W R , and H C have similar variations with t AFM . Difference between the hysteretic behavior of ADEB and the rotational hysteresis loss has been discussed. Finally, the variations of all physical quantities studied here with t AFM can be explained in terms of thermally activated transitions of AFM spins, except for W R . This remarkable agreement between theory and experiments gives strong support to the granular model of EB in thin films. Studies of their correlation as a function of temperature are required, which is helpful to understand the validity of the thermal activation model.
